Abstract Volume rendering (VR) is a technique commonly used for the reconstruction of three-dimensional (3D) digital subtraction angiography (DSA) images, and the rendering parameters greatly affect the characteristics of the 3D image. This study aimed to test whether the optimal VR parameters for 3D DSA could be estimated from the contrast effects in rotational two-dimensional (2D) DSA images acquired using 3D DSA. Simulated blood vessels filled with various concentrations of contrast medium were scanned, and the 3D DSA data sets were reconstructed. The syngo AX vessel analysis software that was able to analyze 3D DSAVR image was used for objective measures. Raw data projection images of the 3D DSA data sets in which the mean diameter was calculated as a true value by the software at nine different thresholds for vessel segmentation were selected. In each image set, five images of all 133 rotational 2D DSA images were selected, and the contrast-enhanced area was extracted using a regiongrowing algorithm. Mean values and standard deviations of each contrast-enhanced area were calculated, and as the thresholds for vessel segmentation of the software increased by 500 every time, significant differences were observed in the mean values (P<0.01). This optimal threshold can be applied to the window settings of the VR technique. Therefore, the optimal VR parameters for 3D DSA may be determined by analyzing the contrast effects of the raw data projection images, and user-dependent over-and underestimations of 3D DSA VR images also may be prevented.
Background
Two-dimensional (2D) digital subtraction angiography (DSA) provides detailed vascular structure and hemodynamic information. Furthermore, recent angiographic suites offer threedimensional (3D) DSA combining 2D DSA and gantry rotation, which was proven to be a useful technique [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Volume rendering (VR) is a technique commonly used for the reconstruction of 3D DSA images [3] [4] [5] [6] [7] [8] [9] [10] , and the rendering parameters greatly affect the characteristics of the 3D image [11, 12] . To our knowledge, no study has identified the optimal rendering parameters for 3D DSA images. The purpose of this study was to test whether the optimal VR parameters for 3D DSA could be estimated from the contrast effects in rotational 2D DSA images acquired using 3D DSA.
Methods

Data Acquisition and Reconstruction
All 3D DSA experiments were performed using a biplane flatpanel detector angiographic suite (Artis zee BA Twin; Siemens AG, Erlangen, Germany). The parameters were as follows: 5-s rotation; rotation angle, 200°with 1.5°increments resulting in 133 projections; rotation speed, 40°/s; frame rate, 26.6 frames/s; acquisition matrix, 1240×960; dose, 0.36 μGy/ f. These parameters of 3D DSA technique are common worldwide and change of the parameters is not permitted. 3D DSA reconstruction was performed on a commercially available workstation (syngo X-Workplace; Siemens AG) with the following parameters: kernel type, HU; image characteristics, normal; reconstruction mode, sub; slice matrix, 512×512; voxel size, 0.47 mm. An extension tube of 2.2-mm internal diameter (LX2-FL150CT; TOP Corporation, Tokyo, Japan) was used to simulate a blood vessel filled with nonionic iodinated contrast medium (Iomeron 350, Eisai, Tokyo, Japan) of various concentrations mixed with saline. The simulated vessels were scanned, and the 3D DSA data sets were reconstructed. The syngo AX vessel analysis software that was able to analyze 3D DSA VR image by setting the threshold and two points to identify the vessel was used for objective measures of the 3D DSA data sets (Fig. 1) . Raw data projection images of the 3D DSA data sets in which the mean diameter was calculated as a true value (2.2 mm) by the software at nine different thresholds for vessel segmentation (500, 1000, 1500, 2000, 2500, 3000, 3500, 4000, and 4500) were selected (Fig. 2 ). In addition, plain (unenhanced) 3D DSA images were scanned, and plain rotational 2D DSA images were acquired. Therefore, a total of 10 data sets of rotational 2D DSA images were included in this study.
Image Analysis of Rotational 2D DSA Image
In each data set, five images (frontal, right anterior oblique, left anterior oblique, right lateral, and left lateral) of all 133 rotational 2D DSA images were selected, and a 620×620 area from the image center was extracted for analysis (Fig. 3a) . The threshold pixel value of the background noise level of rotational 2D DSA image was determined as mean−3 standard deviations (SDs) of the plain rotational 2D DSA image set. The contrast-enhanced area of the nine data sets selected was defined as the pixels lower than the threshold pixel value of the background noise level and was extracted using a regiongrowing algorithm (Fig. 3b) . Means±SDs of the pixel value of each extracted region were calculated. Custom software was developed using Microsoft Visual C#.
Statistical Analysis
Means±SDs of the pixel value of the contrast-enhanced area of the nine data sets were compared using Welch's t-test. Statistical significance was ascribed to P values <0.01.
Results
Mean±SD of the pixel value of the plain rotational 2D DSA image set was 3144±69. Therefore, the threshold pixel value of the background noise level of rotational 2D DSA image was defined as 2937 (mean−3 SDs).
The means and SDs of the pixel value of the contrastenhanced nine data sets are summarized in Table 1 . There were significant differences in the mean values of the extracted contrast-enhanced area as the thresholds for vessel segmentation of the software increased by 500 every time; in these images, the mean diameter was calculated as true value by the software (P<0.01).
Discussion
The rendering parameters for 3D DSA images have never been investigated and are dependent on user's preference, Fig. 1 Volume rendering technique (a) and results of the measurements (b) using syngo AX vessel analysis software leading to over-and underestimation of VR images. In this study, we have revealed that there was a significant difference between the contrast effects of rotational 2D DSA images and the optimal threshold of syngo AX vessel analysis software for vessel segmentation. This optimal threshold can be applied to the window settings of the VR technique. Therefore, when the optimal VR parameters for 3D DSA are determined by analyzing the contrast effects of the raw data projection images, the VR images become independent of user's preference. However, the relationship has been revealed in a pair of reconstruction parameters created by the manufacturer. Therefore, the revelation of different pairs of reconstruction parameters of various manufacturers is required. Although contrast enhancement of blood vessels is not constant during 5 s of 3D DSA examination because of heart beat and blood flow, the influence of this variable appears to be minimized by analyzing several projection images.
Furthermore, the revelation of the optimal VR parameters for 3D DSA is thought to lead to optimization of the injection parameters for 3D DSA. The volume and injection rate of contrast medium for 3D DSA are generally determined not by patient hemodynamics but by the position of the catheter tip Fig. 2 Rotational 2D DSA images in which the mean diameter was calculated as a true value by syngo AX vessel analysis software at thresholds of 4500 (a), 2500 (b), and 500 (c) Fig. 3 In the region of the 620×620 area at the center of the rotational 2D DSA image (a), the contrast-enhanced area was extracted (b) [5] [6] [7] [8] [9] [10] . These injection parameters are considered not optimal and seem to be excessive in order to ensure examination success. In general, 2D DSA is performed at specific projection angles before 3D DSA. Although further study of the relationship of injection parameters and contrast effects between 2D DSA and 3D DSA is needed, there is the possibility that the optimal injection parameters for 3D DSA can be determined from the injection parameters and contrast effects of preacquired 2D DSA images. Then, the amount of contrast medium for 3D DSA can be reduced in almost all examinations.
Conclusion
The present study clarified the relationship between the contrast effects of the raw data projection images and the optimal VR parameters for 3D DSA. This relationship may prevent user-dependent over-and underestimations of 3D DSA VR images. Further study of the relationship of injection parameters and contrast effects between 2D DSA and 3D DSA can realize the determination of the optimal injection parameters for 3D DSA. 
